The EURAMET.M.P-S14 supplementary comparison was organized for the purpose of determination of the degree of equivalence of the national standards for static high-pressure measurement over the range 0.05 GPa to 1 GPa. A collection of eight selected high-pressure transducers with different ranges was used as a transfer standard. Five National Metrology Institutes (NMIs) from EURAMET participated in this comparison -PTB (Germany), SMU 5 (Slovakia), CMI (Czech Republic), LNE (France), METAS (Switzerland), and all participants reported independent traceability chains to the SI. The measurements were provided at prescribed reference pressure and temperature conditions. The comparison reference value (CRV) and its uncertainty were determined separately at each pressure point, pressure transducer and particular conditions (up-and downward pressure measurement and pressure range). All the CRV results were summarised to determine the degree of equivalence for each laboratory at each pressure. The calculated degrees of equivalence show all the laboratories to be consistent at all pressures (see Appendix A6). METAS has measured, but withdrawn its results at (600, 700 and 800) MPa. Moreover, SMU withdrew their results as well. The uncertainties of the laboratories' measurements were, in many cases, much higher than the uncertainties of the laboratories' standards, which indicate problems in calibration of high pressure transducers at high pressures. 2
. Degrees of equivalence with respect to the CRV of each laboratory averaged over all pressure transducers of appropriate pressure range. The error bars show the expanded uncertainty of the degree of equivalence for each calibrated value.
Introduction
This comparison was embedded into the Joined Research Project (JRP) IND03 "High pressure metrology for industrial applications" (HighPRES), carried out within the European Metrology Research Programme (EMRP), as negotiated in the technical documents of this EMRP JRP. Within EURAMET, it was registered as EURAMET project 1306. In this comparison, the equivalence of the participants' pressure standards should be tested in the range up to 1.0 GPa with a transfer standard made of eight independent high precision high-pressure transducers.
Simultaneously, an investigation of the performance of the underlying transducers with respect to testing of typical parameters like drift, hysteresis, sensitivity, repeatability, long-term stability and load cycling effects was carried out and published in [1] . PTB was agreed to be a pilot laboratory in this comparison, i.e. PTB proposed the technical protocol of the comparison, provided the transfer standard, organised the comparison, evaluated the measurement uncertainty of the participants, performed the data analysis, and composed the report for the comparison.
List of Participants, Facilities Used, Circulation Scheme
The transfer standard was calibrated at PTB at the beginning and end of the comparison. Meanwhile, it circulated around CMI, SMU, LNE and METAS. Measurements were carried out in two different pressure ranges, up to 0.5 GPa and up to 1 GPa. Laboratories capable of measuring up to 0.5 GPa, i.e. CMI and SMU, performed measurements in this measurement range. Laboratories with a measurement capability up to 1 GPa, i.e. PTB, LNE and METAS, performed the measurements two times, in the range of 0.5 GPa and, additionally, in the 1 GPa range. Details of the reference standards of the participants are presented in Appendix A1. 1 METAS could reach only 0.8 GPa due to leakage problems Unfortunately, METAS could reach only 0.8 GPa due to leakage problems at pressure generation. Due to too high piston fall-rates, their measurements beyond 0.5 GPa were withdrawn. SMU decided to withdraw their contribution due to internal reasons.
Transfer Standard
PTB developed and provided the transfer standard (TS) for the comparison. It consisted of eight high pressure transducers of two manufacturers, HBM (transducers S1 to S4) and WIKA (transducers S5 to S8), see Figure 2 . Thus, from each manufacturer, there were four pressure transducers with different pressure ranges: one with (0 -0.5) GPa, one with (0 -1.0) GPa and two with (0 -1.5) GPa pressure range.
The whole device was enclosed in an aluminium box with a Plexiglas window and had dimensions 85 × 63 × 15 cm 3 . Additionally, for the read-out of the HBM transducers (type A), an HBM measuringamplifier DMP40S2 (range 2.5 mV/V, resolution 10 -6 mV/V -1 ppmFS) with several measuring channels was circulated as well, whereas the WIKA transducers (type B) could be read out directly via USB, see Tables 2 and 3 . Appropriate, PTB-designed software for the read-out of the transducers was distributed to the participants. It was required that the TS is set up in horizontal position. The reference level of the TS was represented by the reference lines on both sides of the TS metal case corresponding to the height position of the connecting pipe. The connection type for the connecting pipe was equivalent to the high-pressure connector of company SITEC for 3/8-inch tubing. The TS was transported in a single box made of wood. 
Comparison Protocol
Measurement conditions and procedures were specified in the Technical protocol.
(i) Preparation
• clean Sebacate oil as a working fluid • normal operating temperature, recommended: 20 °C • attach the connecting plugs to the transfer standard with a torque of 100 Nm • TS should be set up in horizontal position
(ii) Head correction
• head correction by height difference, i.e. the pressure generated by the laboratory standard (LS) at the reference level of the TS, PLS, should be calculated • height difference between the reference levels should be kept as low as possible (iii) Calibration procedure
• two different pressure ranges, up to 0.5 GPa and up to 1 GPa. Laboratories capable of measuring up to 0.5 GPa should perform measurements in this measurement range. Laboratories with a measurement capability up to 1 GPa should perform measurements two times, in the range of 0.5 GPa and 1 GPa.
• one complete measurement cycle in each pressure range consists of 22 measurements -11 for ascending and 11 for descending pressures, see visualisation of measurement cycles:
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• pressures generated by the LS should not deviate from the nominal pressures by more than 0.1%
Details of the measurement procedures according to the technical protocol are described in Appendix A2.
Method of Comparison, Data Acquisition and Reporting
At each pressure point, the TS was in a pressure equilibrium with the LS. The difference between the TS output (converted to pressure) and the LS pressure was used as a measure for the comparison. A computer program was provided for readings of all 8 transducers. With the program, the readings of the 8 transducers were continuously taken and recorded from the start of the program until its finish. In addition, after the TS and LS came into pressure equilibrium and all condition specified in the Technical protocol were achieved, a record function of the program could be initiated for taking 7 readings from each of the 8 transducers to be used for the comparison purpose. Normally, it took less than 3 minutes for the 7×8 records. From the 7 readings, the average (C) and its standard deviation (σ(C)) were calculated for each transducer at each pressure point by a participant and were reported together with the respective pressure value of its laboratory standard (PLS) and its standard uncertainty (u(PLS)) at this pressure point. In addition, the ambient pressure (Pamb), temperature of the transfer standard (TTS) and the local time of the measurement were reported.
Reported Results and their Processing
Results reported by the participants for each measurement cycle are given in Appendix A3. They were processed by the pilot laboratory in the following way. For each participant, each pressure transducer, in each measurement cycle, a zero pressure correction was applied by subtracting the value of C measured at zero pressure in the pressure-upwards series, C(pup=0), from all subsequent values C(p):
The corrected readings ( corr ( )) were transformed to pressures of the TS (pTS) in MPa by multiplying them by transformation factor (F),
with F being equal to 1500 MPa/(mV/V) for transducers 1 and 2, 1000 MPa/(mV/V) for transducer 3, 500 MPa/(mV/V) for transducer 4 and 0.1 MPa/bar for transducers 5 to 8.
The result of each participant obtained in cycle c (xc) was expressed as the difference between the pressures of the TS and the laboratory standard (LS):
The average (x) and its standard deviation (σ(x)) of the results in four cycles were calculated: 
This uncertainty contribution for the 0.5 GPa and 1 GPa measurements is given in Appendix 4.
Uncertainty due to the Transfer Standard
Uncertainty of the transfer standard, TS , was determined for each participant, each pressure transducer, in each measurement cycle and for each pressure taking into account four components:
• the standard deviation of the four values, ( ), calculated according to (4);
• uncertainty due to the TS drift, Drift , as defined above by (5);
• the zero deviation of the TS, ZeroDev ;
• and the instability of the TS, Instab , taken as the resolution, Resol , or the fluctuation of readings, Fluct , whichever was greater, Instab = max ( Resol ; Fluct ).
The zero deviation was calculated as ZeroDev = max�abs� 1 ( ) − 1 � up = 0��, … , abs� 4 ( ) − 4 � up = 0���/(2√3).
The fluctuation of readings was calculated as
with ( ) given as σ(Ci) in Appendix A3, c being the measurement cycle number. Finally, the uncertainty of the transfer standard was calculated as 
Results for Resol , ( ), ZeroDev , Instab and TS are given in Appendix A5. These results show that the uncertainty of the TS pressure transducers was very different in the laboratories' measurements (A5. 4) which to high extent is caused by very different fluctuations of readings observed by the laboratories in 1 GPa measurements (A5.3).
Data Processing and Computation of the degree of equivalence
When developing a method for calculation of the degree of equivalence, the following specific features of this comparison were considered.
• The TS comprises 8 pressure transducers. Each of them has different properties at increasing and decreasing pressures. The same pressure transducer has different properties when used in 0.5 GPa and 1 GPa measurements. I.e., only results of laboratories can be directly compared which were obtained for the same pressure transducer, in the same pressure change direction and in the same maximum pressure comparison.
• Consequently, the comparison provided extensive information condensed in form of and TS as defined by eqs. (4) and (9). With this information, at each nominal pressure value, 16 comparison reference values (CRV), (8 pressure transducers, 2 pressure change directions) can be generated for the 0.5 GPa, and 12 CRV (6 pressure transducers, 2 pressure change directions) for the 1 GPa measurements.
• More specifically, as some nominal pressures of the 0.5 GPa and 1 GPa measurements coincide, the following number of CRV can be obtained at that pressures: 50 MPa -16, 100 MPa -28, 150 MPa -16, 200 MPa -28, …, 500 MPa -28, 600 MPa -12, 700 MPa -12, …, 1000 MPa -12.
• For each of these CRV, a participant deviation to it and the uncertainty of this deviation can be calculated, which present the degree of equivalence for this particular CRV.
• As the purpose of the comparison is to determine the degree of equivalence at each pressure (not for a particular pressure transducer or a pressure change direction, etc.), a procedure was required to derive one degree of equivalence from the numerous degrees of equivalence available at the same pressure. The procedure was realised using the following approaches and assumptions:  To calculate each particular CRV ( ), the method by Cox [2] was used (uncertainty weighted mean).  Results of the NMIs were considered as independent (not correlated).  Results of an NMI obtained in n measurements at the same pressure were considered as fully correlated. It is justified by the observation that the performance of all 8 transducers in 0.5 GPa and 6 pressure transducers in 1 GPa measurements, e.g. fluctuation of reading, is strongly correlated. Then, the following relations apply at each nominal pressure. With designations and definitions:
-result of NMI i for measurement j according to (4), = 1 … , being equal to 4 at pressures (50-500), and 2 at (600-1000) MPa, = 1 … . At pressures of p = (50, 100, 150,…, 1000) MPa, = 16, 28, 16, …, 12 as described above, , TS calculated according to (9) and LS being uncertainty of the LS given in the tables of Appendix A3, = 2 ( ),
-CRV of measurement j, � � -uncertainty of ,
The deviation of the result of laboratory from the CRV, , and its uncertainty, � �, are
� � = � − � 0.5 .
Therefore, at each pressure, for each NMI, its deviation from each of reference values is presented by a value with its associated uncertainty. A calculation of a mean CRV of values is meaningless because each of them is individual in respect to the individual pressure transducers and measurement conditions. However, deviations and their uncertainties � � can be processed to determine a mean deviation ̅ with its uncertainty � ̅ �. An analysis of data presented in Appendix A5 shows a very high variability in the TS uncertainties not only between the NMIs but also for the same NMI in different measurements. For this reason, to minimise the uncertainty of the mean deviation, it was calculated as a weighted mean:
If results of the same NMI are correlated as assumed above, the uncertainty of ̅ is given by:
From the definition of the CRV as the weighted mean, it follows that deviations from the weighted mean should fulfil the following condition:
However, it can be shown that, in dependence on the results obtained by an NMI in different measurements at the same nominal pressures, in particular when some results lie below and some above and the uncertainties of the single measurements of the same NMI and/or of different NMIs strongly vary -it was the case in this comparison -the ̅ values may be shifted by some value ∆. The deviations corrected for the shift are then given as
with
and ( ) = � ̅ �. The expanded uncertainties, ( ), were taken as ( ) = 2× ( ).
Degrees of Equivalence and discussion
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• The PTB uncertainties above 600 MPa regarding the deviations to the weighted mean are smaller than the uncertainties of the PTB standard. This is due to smaller uncertainties obtained by PTB for the TS compared with those by other NMIs. Due to this fact, according to (11) the uncertainty of the CRV became very close to the uncertainty of the PTB result. As the consequence from eq. (13), the difference of the squared PTB and CRV uncertainties became a rather small value.
• Contrariwise, the LNE uncertainties appear fairly overestimated compared with the uncertainty of the LNE standard and also small compared with the LNE deviation from the CRV. This can be explained by a rather poor performance of the transfer standard in the LNE experiment. At 600 MPa and higher, the uncertainties of the TS are rather high, mostly due to fluctuation of reading when taking 7 values from each pressure transducer. E.g. at (700 and 800) MPa, the fluctuations of pressure transducers S1, S2 and S3 at LNE 300 times higher than at PTB. This can indicate that the stability of the generated pressure at the NMIs was probably very different.  Even though the agreement of the NMIs was demonstrated for most pressures, the comparison cannot sufficiently prove the uncertainties of the LS claimed by the NMIs because of too high uncertainty ascribed to the TS. This is not necessarily due to a bad performance of the TS, but may deal with a pressure instability in the measurement system, which usually cannot be seen when performing cross-float measurements.  The results demonstrate that a comparison by means of pressure transducers can be problematic.
It is an important issue keeping in mind that, above 500 MPa, pressure transducers are the most frequent instruments to be calibrated. With the observation made in this comparison, one can estimate accuracy limits when providing calibrations of pressure transducers.
Conclusions
• Supplementary comparison EURAMET.M.P-S14 for high-pressures in the range up to 1 GPa was conducted during 2013 -2014. Its execution was affected by minor technical problems of the participants, the transfer standard did not significantly change its metrological properties, and the KC was completed successfully.
• Five NMIs, PTB, CMI, LNE , METAS and SMU, all maintaining independent pressure standards, participated in the comparison. SMU withdrew their data. The comparison was piloted by PTB.
• The transfer standard comprised 8 pressure transducers. Some of them, in some of the measurements, had performance as low as 14⋅10 -6 , comparable with the uncertainty of the laboratory standards. But as the whole, the uncertainty of the transfer standard appeared too high to verify completely the uncertainty of the national standards claimed by the laboratories.
• This too high uncertainty of the transfer standard may deal with pressure instability in the pressure generation systems of the laboratories, as concluded from high fluctuations of the transfer standard readings in some of the measurements.
• A special method was applied to calculated one degree of equivalence on the basis of numerous results obtained with different pressure standards, different pressure ranges and pressure change directions.
• The results of the participants are equivalent. The results show that a comparison of very high pressures by means of pressure transducers is possible, but special measures are required to have stable pressures generated. The results also show the limits which laboratories have when calibrating high pressure transducers.
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APPENDICES

A1 Reference standards of the participants
A1.1 PTB pressure standard
The laboratory standard (LS) of PTB used in this comparison was a modified Harwood pressure balance with a total load mass of 500 kg. It was equipped with a 1 GPa piston-cylinder unit (PCU) identified by no. 7594 manufactured by Desgranges et Huot with a nominal effective area of 5 mm
2
. It was the PTB laboratory standard in the CCM.P-K13 comparison, covering the pressure range up to 0.5 GPa. Details of the pressure balance are given in Table 2 . The zero-pressure effective area (A0) of the piston-cylinder assembly is traceable via a calibration chain to three primary 5 cm 2 10 MPa piston-cylinder units [3] . The value of the distortion coefficient (λ) with associated uncertainty was determined by FEA [4] . Relative uncertainty of A0 in 10 
A1.2 CMI pressure standard
Piston-cylinder system No. 1637 used in the comparison is traceable to the geometrically evaluated piston-cylinder No. 368 through a series of cross-float measurements-This CMI laboratory standard participated in two KCDB registered comparisons: EUROMET.M.P-K4 (only up to 100 MPa) and EURAMET.M.P-K7. 
5.8·10
-7
Uncertainty of λ in MPa -1
-8
Relative uncertainty of mass pieces in 10 -6 2.5
Linear thermal expansion coefficient of piston (αp) in °C -1
4.5·10
-6
Linear thermal expansion coefficient of cylinder (αc) in °C -1
Reference temperature (t0) in °C 20
Local gravity (g) in m/s 2 9.809273
Relative uncertainty of g in 10 -6
1.8
Height difference between laboratory standard (LS) and TS (h, positive if LS is higher than TS) in mm 0
Uncertainty of h in mm 2 
A1.3 LNE pressure standard
A1.4 METAS pressure standard
The laboratory standards of METAS in this comparion consisted of two instruments. In the range up to 0.5 GPa, a pressure balance was used. For the pressure range of 1.0 GPa, a pressure multiplier was applied. Relative uncertainty of mass pieces in 10 The traceability of the mass is made through the mass laboratory of METAS which is linked to the BIPM through the national copy of the international prototype. The gravitation field has been measured using a relative gravimeter adjusted with a gravimetric point traceable to SI unit using an absolute gravimeter. The piston cylinder area at 20°C and zero pressure has been determined using a calibration chain of piston-cylinder, from the large area piston-cylinder traceable to the length unit by dimensional measurement. The deformation coefficient has been determined using the experimental Legras model [5] , where the pressure dependent effective area is calculated from a change of the effective area caused by a variation of the jacket pressure from pj1 to pj2 and the piston fall rates measured at the first and second jacket pressures for an ideal gap geometry, and it has been confronted to finite element modeling using Comsol Multiphysics. The traceability is similar to the 500 MPa laboratory standard. The multiplier has been characterized by comparison up to 500 MPa with a pressure balance. The properties of the multiplier have been extrapolated up to 1000 MPa.
A2 Detailed measurement procedures according to the technical protocol
A2.1. Preparation
(i) Measurements should be done after an appropriate acclimatization time of at least 24 h, and the results be written on the forms annexed to the technical protocol. All institutes should use clean Sebacate oil as a working fluid. Each participant had to prepare the oil.
(ii) The measurements for environmental condition, for example, atmospheric pressure, ambient temperature and relative humidity, should be performed using participant's instruments. The institutes should operate their pressure standards at their normal operating temperature. It was recommended to perform measurements at 20 °C. (iii)The transfer standard should be installed according to detailed description in section 5 of the technical protocol. It was requested to attach the connecting plugs to the transfer standard with the distributed torque wrench with a torque of 100 Nm. After installation, the transfer standard should undergo a leak test. The participants were requested not to disconnect the pressure transducers, neither to treat the connection between the adapters and the pressure transducers, and they ought not change the settings and adjustment of the pressure transducers or of the measurement amplifier. For carrying out the measurements, the distributed measurement software TS-monitor.exe from the CD should be installed and run.
A2.2. Head correction
For the head correction by height difference, the pressure generated by the LS at the reference level of the TS, P LS, is calculated as follows:
where, pstd is the pressure generated by the LS at its reference level; (ρf − ρa)·g·h is the head correction, with ρf the density of the working fluid at pressure pstd, ρa the air density, g the local acceleration due to gravity, and h the vertical distance between the reference levels of the two intercompared standards (LS and TS). h is positive if the level of the LS is higher than of the TS. To minimize uncertainties in pressure measurement, it was recommended that the height difference between the reference levels should be kept as low as possible. From the height difference, each institute had to make appropriate corrections to the applied pressure and to include their contributions to the uncertainty of pressure.
A2.3. Measurement procedures
(i) Measurements should be carried out in two different pressure ranges, up to 0.5 GPa and up to 1 GPa. Laboratories capable of measuring up to 0.5 GPa should perform measurements in this measurement range. Laboratories with a measurement capability up to 1 GPa should perform measurements two times, in the range of 0.5 GPa and 1 GPa. (iia) In the first measurement range up to 0.5 GPa, V1 had always be opened. Measurements should be performed at nominal pressures of (0, 50, 100, 150, 200, 250, 300, 350, 400, 450, and 500) MPa. (iib)For the measurement range up to 1.0 GPa, respectively, V1 had always be closed. Measurements should be performed at nominal pressures of (0, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000) MPa.
(iii) It is supposed that one complete measurement cycle should be performed in one day. In both measurement ranges, pressures P LS generated by the LS should not deviate from the nominal pressures by more than 0.1%. For each PLS, readings of the TS transducers should be recorded. These readings were transformed by the pilot laboratory to TS pressures (pTS) using a uniform procedure. (iv) Concerning the measurements, no gauge pressure ought to be applied to the pressure transducers during the 12 hours before the start of each measurement cycle. Valve V2 should be closed and valves V0 and V1 should be open to apply atmospheric pressure to the pressure transducers. The participants had to make sure that the oil-air surface in the TS lied at the aeration level. (v) Before the measurements, three times pre-load of the transfer standard at maximum desired pressure had to be performed. After the pre-lad, the participants had to wait for 15 minutes before starting to measure. (vi) Clicking the button "Record" in the program TS-monitor.exe, enabling to record transducers' readings. Simultaneously, the participants should record environmental conditions and all parameters of the LS required to calculate PLS. using their laboratory measurement tools. (vii) All pressure changes in the TS should be appropriately slow to avoid damage or maladjustment of the transducers. After each change of pressure, it was stabilized for 10 minutes. The position of the piston of the pressure balance of the LS should be kept in the floating range. Between the pressure steps, no further pressure changes should be executed. After 10 minutes waiting time, the measurements should be started (at latest, within 5 minutes). After performing the measurement at the maximum pressure in the ascending pressure series, a waiting time of more than 30 minutes should be taken. During the waiting time, the pressure of the LS should be kept as close as possible to the maximum value. If the pressure at maximum value drops within this time by more than 0.1%, it should be corrected and then it shout be waited for at least 10 minutes. After the total waiting time of more than 30 minutes and a stable pressure in the last 10 minutes, the first pressure point of the descending pressure series should be taken. When un-installing the TS after completing the last calibration cycle the oil should not be removed.
A3 Results of the participants
In the tables below, the following designations are used:
Ambient pressure of laboratory room. *2 Temperature measured in the vicinity of TS. *3 Local time of the first of the seven readings of the respective pressure transducer. *4 Average of the seven readings of pressure transducers S1 ... S8. *5 Relative standard deviation of the mean value Ci.
*6
Pressure measured with the LS at the reference level of the TS according to equation (1) .
*7
Relative standard uncertainty (k=1) of PLS. 
A3.1 PTB results
PTB
A3.3 METAS results
METAS
